The human malaria parasite Plasmodium fakiparam demonstrates variability in its dependence upon erythrocyte sialic acid residues for invasion. Clin. Invest. 1990. 86:618-624.)
Introduction
Recently several studies have focused on erythrocyte sialic acid and its role in invasion of erythrocytes by the human malaria parasite Plasmodium falciparum (1) (2) (3) (4) (5) (6) (7) . Some studies have shown that different lines of P. falciparum vary in their dependence on erythrocyte sialic acid for effective invasion of red blood cells (8) (9) (10) . Cleavage of sialic acid from erythrocytes with neuraminidase treatment greatly reduces erythrocyte invasion by some parasite lines, but produces only modest reduction by others (1, 2, 6, (8) (9) (10) . Erythrocytes genetically deficient in glycophorin molecules, which contain the majority of erythrocyte sialic acid (1 1), have confirmed this diversity in the invasion characteristics of P. falciparum (1, 5, 9, 12) .
Specific proteins synthesized by the parasite have been found to bind to neuraminidase-sensitive residues on the red cell surface (13, 14) . The binding of these proteins has been correlated with the ability ofthe sialic acid-dependent parasite to invade susceptible erythrocytes. Parasite or erythrocyte molecules involved in non-sialic acid dependent pathways have not been identified. A trypsin-sensitive erythrocyte molecule, distinct from glycophorin A, has been implicated as being involved in invasion by some parasites (9) . To this end, we have begun to explore the effect of selection pressure on parasite invasion in vitro.
In this report we show that P. falciparum clones can be grouped into two categories according to their ability to invade sialic acid-deficient erythrocytes. Type I parasites invade and grow in neuraminidase-treated erythrocytes, although at reduced rates as compared with untreated red cells. Type II parasites can be subdivided into two categories, 11-A and II-B. With continued cultivation in neuraminidase-treated erythrocytes, type 11-A parasites disappear from culture, demonstrating their complete dependence on sialic acid for erythrocyte invasion. Type II-B parasites eventually produce a population that is able to effectively invade neuraminidase-treated erythrocytes; this subpopulation emerges during continuous propagation in neuraminidase-treated erythrocytes. The type IT-B phenotypic change is reproducible in the parent clone and in multiple subclones of the parent. Furthermore, the change persists in the absence of selection pressure, suggesting that a switch occurs in the expression ofa gene or group ofgenes oftype 11-B parasites. (8, 9) . Neuraminidase (from Vibrio cholera; Gibco Laboratories) was added directly to the washed erythrocytes at 10-50 U/ml. Erythrocytes were incubated rocking at 37°C for 60-90 min, pelleted, washed in 10 vol of RPMI 1640, resuspended at 50% hematocrit with either complete medium or RPMI 1640, and stored at 4°C.
Methods
Invasion assays. Parasite cultures were synchronized with 5% sorbitol (22) and expanded to 3-5% late trophozoite forms in 25-50-ml cultures. The erythrocytes were pelleted, resuspended to 50% hematocrit in complete medium, and layered over either a 65% Percoll/complete medium cushion or a Percoll/sorbitol gradient (23, 24) . Late stage forms were recovered (50-90% infected red blood cells), washed with RPMI 1640, counted with a hemocytometer, and resuspended in complete medium at 1-5 X 107 parasites/ml. Invasion assays were performed in 96-well, flat-bottomed microtiter plates (Costar, Cambridge, MA). 100 AI ofthe parasite suspension was inoculated into 100 Al of target erythrocytes at 2-5 X 108 erythrocytes/ml in complete medium. A 1:10-1:20 ratio of parasites/target erythrocytes was used. Assays were incubated at 370C for 18-24 h. The number of ring forms per 1,000 erythrocytes was estimated from blood films. Individual assays were performed in duplicate and the invasion rates were taken as the average result. Invasion rates for neuraminidase-treated erythrocytes were recorded as percent of control erythrocyte invasion rates.
Growth assays. Parasite cultures were grown to -5% asynchronous parasitemia in normal erythrocytes (5-ml volume). From this culture an inoculum was delivered to fresh 5-mi cultures containing either untreated or neuraminidase-treated erythrocytes (initial parasitemia 0.1-0.5%). Parasitemia was estimated daily from the number of parasitized erythrocytes per 1,000 erythrocytes.
Erythrocyte binding assays. 25-50-ml cultures were synchronized with sorbitol and allowed to reach 3-5% late trophozoite forms. After enrichment on a Percoll gradient, the trophozoites were returned to methionine-cysteine-deficient complete medium (Select-Amine Kit; Gibco Laboratories) at 1-3 X 108 parasites/ml and labeled with 100-200 ACi/ml of radiolabeled methionine and cysteine (Trans 'SLabel; ICN Radiochemicals, Irvine, CA). After incubation for 12-20 h the culture was centrifuged (12,000 g for 10 min at 4°C). The supernatant was frozen at -70°C. The pellet, containing schizonts, free merozoites, and cellular debris, was resuspended in 3 ml ofRPMI 1640 in a 15-ml Corex centrifuge tube and sonicated on a wet ice bath. Three cycles of sonication (30 s on/30 s off) were completed at an output control setting of 100 (sonic disruptor; Tekmar Co., Cincinnati, OH). The sonicate was centrifuged at 12,000 g for 20 min at 4°C. The supernatant was frozen at -70°C until use. 500 Ml of supernatant and 250 Ml of sonicate were mixed with 100 Al of packed erythrocytes.
Erythrocyte binding assays were performed as described by Haynes et al. except protease inhibitors were not included (25) .
Southern blot analyses. DNA was prepared from saponin-lysed, parasitized erythrocytes (26) and separated over cesium chloride gradients according to standard procedures (27) . Restriction endonuclease digests were performed with enzymes from Bethesda Research Laboratories (Gaithersburg, MD) and New England Biolabs (Beverly, MA) according to manufacturers' recommendations. Restriction fragments were fractionated in agarose gels and transferred to nylon membranes for hybridization (28) . The pC4.H32 probe, obtained from a size-fractionated Hinf I P. falciparum library (29) , was used to "fingerprint" repetitive elements in the genome.
Results
Variation among clones in sialic acid requirements. To assess sialic acid requirements for invasion, six P. falciparum clones were evaluated for their ability to invade neuraminidasetreated erythrocytes (Fig. 1 ). These invasion assays revealed that parasites could be classified into two groups according to their dependence on sialic acid residues. Type I parasites (HB3, 3D7, and 7G8) invaded neuraminidase-treated erythrocytes at 30-60% of the rate in control erythrocytes. Type II parasites (FCR-3/A2, Camp/A 1, and Dd2) invaded neuraminidase-treated erythrocytes at low rates compared with control (5-15%). Low residual invasion rates of Dd2, FCR-3/A2, and Camp/A 1 into neuraminidase-treated erythrocytes may, in part, be accounted for by the presence of untreated erythrocytes that were carried with the parasite inoculum after enrich- (Fig. 3 B) . Such behavior by Dd2/NM 1 and Dd2/NM2 contrasts with the lower rates observed for type I clones in neuraminidase-treated erythrocytes (Fig. 1) . The Dd2/NM and Dd2/NM2 phenotypes were found to be stable in culture with untreated normal erythrocytes. After their selection in neuraminidase-treated erythrocytes, both lines were propagated in untreated erythrocytes for at least 2 wk (eight cycles) and then reexamined for invasion into neuraminidase-treated erythrocytes. Despite removal of selection pressure, the Dd2/NM 1 and Dd2/NM2 lines continued to invade neuraminidase-treated erythrocytes and untreated erythrocytes at similar rates.
To confirm that the Dd2/NM1 and Dd2/NM2 lines had been selected from a clonal population, Dd2 was subcloned by limiting dilution. Four subclones were examined and each of these subclones (Dd2/R7, Dd2/R8, Dd2/R9, and Dd2/R14) exhibited the same phenotypic switch as the Dd2 clone. Growth assays revealed an initial inability of the inocula to expand in neuraminidase-treated erythrocytes; however, (Fig. 5 A, lanes 2, 5, 8) . Some radiolabeled proteins, such as a 175-, a 165-, and a 125-kD bound preferentially to untreated erythrocytes. With neuraminidase-treated erythrocytes, however, a 140-kD protein produced the most prominent eluted band and bound more strongly to neuraminidase-treated erythrocytes than untreated erythrocytes. Neither Dd2/NM 1 nor Dd2/NM2 demonstrated alterations in protein-binding profiles that could account for their acquired ability to invade neuraminidase-treated erythrocytes.
Sonicates of parasite-infected cells demonstrated patterns of bound radiolabeled proteins to either untreated or neuraminidase-treated erythrocytes that were also similar among the three lines (Fig. 5 B) . The most prominent protein from the cellular sonicate bound to untreated erythrocytes was at 165 6 kD; less intense bands were seen at 175, 140, and 125 kD. As with the culture supernatants, a 140-kD radiolabeled protein was the most prominent protein eluted from neuraminidasetreated erythrocytes. One hypothesis that may account for the adaptation process is that the Dd2 population is continually switching between non-sialic acid dependent and sialic acid-dependent phenotypes. The ability of organisms to switch phenotypes is a well-described biologic phenomenon including antigenic variation in bacteria and protozoa, mating types in yeast, and immunoglobulin heavy chains in vertebrates (30) (31) (32) (33) (34) . Genetic switch mechanisms expand the biologic repertoire of organisms and permit adaptive capacity in changing environments.
The suggestion that Dd2/NM might result from a genetic switch mechanism is based on two observations. First, the switched parasite acquires a positive attribute, the ability to invade an erythrocyte that the majority of the starting population is unable to invade. Second, all four subclones of Dd2 produced non-sialic acid dependent lines when propagated in neuraminidase-treated erythrocytes. These observations are reminiscent of the surface protein variations that have been described for Borrelia, Salmonella, and Trypanosome species (30) (31) (32) ciated with in vitro propagation (35, 36) . Similar phenomena may have occurred in the multi-step invasion process during in vitro propagation.
Dd2 and Dd2/NM parasites should be useful in delineating non-sialic acid dependent pathways ofinvasion. Identification of the molecules involved in this pathway may be possible through differential analysis, and would be predicted to contribute to our growing knowledge of the molecular events involving invasion.
